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Abstract
Traditional ancient Tibetan buildings (TATBs) date back hundreds of years. The seismic 
performance of TATBs constructed with stones and mud was analyzed by utilizing struc-
tural subscale features (materials, walls, and structures). The key to load-bearing in TATBs 
is the three-leaf stone wall. Based on the mechanical properties of materials, compression 
tests and quasistatic static tests of walls, this paper confirms that the seismic resistance 
capacity of the three-leaf stone wall of TATBs is unable to meet Chinese standards. The 
aims of this study are to present the dynamic behavior of TATBs by shaking table tests. 
According to the experimental data, the transcendence intensity magnification calculation 
method is modified to calculate the seismic vulnerability of TATBs. The results show that 
when the peak acceleration of ground motion is 1.042 m/s2, 1.598 m/s2 and 2.881 m/s2, 
TATBs undergo slight damage, moderate damage, and severe damage, respectively.

Keywords Traditional ancient Tibetan structure · Three-leaf stone wall · Seismic 
vulnerability · Shaking table test · Quasistatic test

1 Introduction

Tibetan architecture is a precious traditional ancient architecture in China. The materi-
als, shapes, layouts and construction techniques of traditional ancient Tibetan buildings 
(TATBs) are unique and have important inheritance value. The specificity of construction 
techniques and materials is expressed by the unique building wall texture and architectural 
style, which has become one of the most representative features of the Gyatong Tibetan 
region (Fig.  1) (Hu et  al. 2009). Tibetan architecture is mainly distributed in the Aba 
Tibetan region, Qiang Autonomous Prefecture, Liangshan Yi Autonomous Prefecture and 
Ganzi Tibetan Autonomous Prefecture in Sichuan Province. The walls of TATBs represent 
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a three-leaf wall constructed with two leaf walls, and the space between the two leaf walls 
is filled with inferior materials (stones and/or bricks and mortar) (Silva et al. 2014, 2016). 
Currently, there is very limited quantitative information that can help to determine the vul-
nerability of TATBs. Therefore, it is necessary to study this type of architecture.

Assessing the vulnerability of TATBs to earthquakes is the top priority for preserving 
historic buildings. Based on seismic damage data (e.g., the 2008 Wenchuan 8.0 magnitude 
earthquake (Xu et al. 2009), 2012 Lushan 7.0 magnitude earthquake (Wang et al. 2021), 
and 2014 Kangding earthquake (Chen et al. 2017) of stone masonry structures, masonry 
structures have exhibited significant brittleness during past earthquakes (Rovero et  al. 
2016; D’Ayala et  al. 2011; Carocci 2012; Lagomarsino et  al. 2013). Earthquake damage 
in TATBs is mainly manifested in the collapse of load-bearing walls, the peeling of outer 
walls, and the cracking of the four corners of doors or windows (Fig. 2) (Xu et al. 2019; 
Jiang et al. 2022). Moreover, seismic performance assessments of TATBs are often ham-
pered by a lack of information about materials and structural data. Moreover, antiseismic 
measures increase the heterogeneity of materials and structural data, which increases the 
lifetime of buildings (Yao et al. 2022; Liang et al. 2023a, 2023b).

As a historic construction material, stone has the advantages of low cost, easy avail-
ability and durability (Siegesmund et al. 2011; Hendry et al. 2001). The main overturning 
façade and vertical façade longitudinal response can be analyzed from a seismic damage 
perspective (D’Amato and Sulla 2021; de Carvalho Bello et al. 2020). The core dynamic 
properties of the trefoil wall and the sensitivity of the interstory interface can be further 
verified. Historic masonry monument preservation from the aspect of remote sensing tech-
nology or a seismic damage matrix (Fuentes et al. 2019) has been used to determine the 
characteristics of buildings with different levels of seismic damage (Gautam 2017; Brando 

Fig. 1  Traditional ancient 
Tibetan stone masonry structure

Fig. 2  Damage to Tibetan buildings (Jiang et al. 2022)
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et al. 2017a, 2017b; Chen et al. 2016; Boscato et al., 2018). This feature reflects the seismic 
performance of stone masonry structures, mainly in terms of mortar strength and block 
wall strength. There have been further developments in the study of the modulus of elas-
ticity, shear discounting, and damage modes for mortar strength and block strength (Di 
Michele et al. 2023; D’Amato et al. 2023; Ravula and Subramaniam 2019; Kaushik et al. 
2007). The dynamic behaviors of stiffness attenuation at the vertical level of a structure 
have also been the focus of researchers (Casolo and Milani 2013; Mazzon et  al. 2010a, 
2010b; Galetzka et  al. 2015). Experimental research, mechanical model analysis and 
numerical simulation analysis of stone masonry buildings have shown that the mechanical 
properties of building materials are not always the same (Fuentes et al. 2019; Lagomarsino 
and Resemini 2009). The mechanical properties of building materials significantly impact 
the stiffness, deformation, stress‒strain characteristics and bearing capacity of various wall 
and structural parameters (Krzan et al. 2015; Di Michele et al. 2023; Mazzon et al. 2010a, 
2010b). Testing the mechanical properties of construction materials is the primary task for 
evaluating the seismic performance of TATBs.

In addition to the parametric characteristics of stone, mortar and infill materials, inter-
national scholars believe that it is necessary to study the mechanical behavior of stone 
walls (Zhao et al. 2022). Due to the lack of transverse connecting members, poor perfor-
mance of mud mortar, and lack of detailed design of joints (Corradi et al. 2018; Borriet al. 
2015), this type of masonry structure has the highest risk of in-plane or out-of-plane dam-
age. Researchers have been devoted to the study of three-leaf stone walls: (a) Masonry wal-
lettes were tested under static compression and/or diagonal compression to assess the basic 
mechanical properties of masonry in its as-built state. (Zhang et al. 2017; Li et al. 2023). 
(b) Three-leaf stone masonry walls under cyclic in-plane or out-of-plane action were tested 
in a limited number of experimental campaigns (Senaldi et al. 2013; Ferreira et al. 2015; 
Godio et al. 2019). (c) Although several building models made of two-leaf stone masonry 
were subjected to dynamic loading, the corresponding data on three-leaf stone masonry 
building models are still very limited. To better understand the seismic resistance of three-
leaf stone walls in TATBs, Jiang et al. (2022) conducted an in-plane cyclic shear loading 
test. The failure mode, ductility, hysteresis behavior and energy consumption of three-leaf 
stone walls were investigated. Yang et  al. (2020) analyzed the shear strength and failure 
mechanisms of three-leaf stone walls via double-shear tests. The study of the morpho-
logical and mechanical properties of three-leaf stone walls revealed that the mechanical 
properties, internal voids and geometric characteristics of materials strongly influence the 
compressive and shear strengths of stone masonry walls (Miccoli et al. 2017; Schiavi et al. 
2019; Lombillo et al. 2013; Almeida et al. 2012). A shear strength test study of a three-leaf 
stone wall can detect the seismic performance of stone masonry. However, to study the 
seismic performance of stone masonry structures more accurately, shaking table tests are 
also needed.

Experimental tests, mechanical model analyses and numerical simulations of stone 
masonry buildings have shown that various structural parameters have significant impacts 
on the stiffness, strength, deformation and bearing capacity. Ali et al. (2017, 2021) evalu-
ated the seismic performance of traditional buildings by analyzing the damage state, accel-
eration, displacement response, and lateral force–deformation behaviors in shaking table 
tests of 1/3 and 1/4 scale traditional Dhajji Dewari building models. Xue et al. (2022) ana-
lyzed the vibration failure mechanisms of a 1:4 typical stone masonry structures by shaking 
table tests. Chavez and Meil (2013) analyzed the maximum substrate movement intensity 
of typical traditional stone temples that can still be repaired by shaking table tests. Costa 
et al. (Part 1 2013a; Part 2 2013b) tested the characteristics of the out-of-plane overturning 
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behavior of full-scale masonry by shaking table tests. Elmenshawi et al. (2014) evaluated 
the shear strength and intrinsic damping of stone masonry in the Western District of the 
Canadian Parliament District, Ottawa. Felice et al. (2022) contributed to the understanding 
of the seismic behavior of stone masonry by simulating the gradual loss of compactness of 
rubble masonry walls in a life-scale reproduction in shaking table tests until the two outer 
lobes separated and collapsed. Zhu et al. (2012) tested the dynamic behavior and seismic 
performance of the free vibration and tertiary seismic waves of a stone masonry struc-
ture by shaking table tests and verified that the stone masonry pagodas exceeded the limits 
specified in the Code for Seismic Design of Buildings (GB 50011–2010, 2010). Guerrini 
et  al. (2019) evaluated the damage mechanisms, lateral displacement demand, hysteresis 
response and dynamic performance degradation of stone masonry structures under vibra-
tion. Mazzon et al. (2010) discussed the stiffness decay and structural failure mechanisms 
of multileaf stone walls in masonry structures. Giaretton et al. (2017) studied the princi-
ple of layered collapse of three-leaf walls by shaking table tests. Shaking table testing can 
help researchers better understand the seismic behaviors of historic stone masonry build-
ings. Rafi et al. (2019) identified four damage states of a typical two-story stone masonry 
building corresponding to structures at different seismic intensities by shaking table tests. 
Senaldi et al. (2019) studied the evolution of dynamic responses and damage mechanisms 
of stone masonry buildings via a unidirectional dynamic shaking table test. Vintzileou 
et al. (2015) conducted biaxial seismic tests on the seismic behaviors of historical clover 
masonry buildings. Therefore, it is necessary to study and evaluate the influence of physi-
cal parameters on the seismic response performance of TATBs during an earthquake.

To better understand the seismic behavior of TATBs, a shaking table test was conducted 
on a TATB at Yangzhai No. 194, Mudui Tibetan Township, Li County. Basic information 
about the structure of the TATB was obtained by onsite investigations. The experiments 
included material characterization tests, axial compressive tests and in-plane cyclic shear 
tests of masonry walls. A 1/5 scale model of the TATB was built for the shaking table test. 
The failure mode, dynamic characteristics, shear demand, seismic resistance, and seismic 
performance of the TATB were studied. According to the transcendence intensity magni-
fication calculation method and the experimental results, the seismic performance of the 
TATB was quantitatively assessed.

2  Background and scope

TATBs represent valuable cultural heritage sites. Some typical representative build-
ings, such as the Potala Palace, Jokhang Temple, and Norbulingka Summer Palace, have 
been inscribed on the World Heritage List (2023). A field visit to Mudui Village, Ganbao 
Tibetan Township, Li County, Aba Tibetan and Qiang Autonomous Prefecture, Sichuan 
Province, was conducted to investigate the basic information of the TATB. Considering 
security, the window areas are relatively small. Most houses have 2 to 4 floors. The bottom 
floors are often used as a livestock enclosure. The top floors are mostly only half of the 
area of the partial buildings and are used for halls. The main building is made of stone and 
yellow mud. Wood is used for reinforcement and beams. The overall shape of the building 
is slightly upward (Fig. 3). The main load-bearing structure of the TATB is a trilobite wall. 
The TATBs are generally three-story with three-leaf stone walls (Fig. 4) with wide bottom 
widths and narrow upper widths. The thickness of the walls of the bottom floor is 600 mm. 
The thickness of the walls of the second floor is 500 mm. The thickness of the walls of the 
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third floor is 400 mm. The thickness of the walls of the roof parapet is 300 mm. The total 
height of the building is 9.34 m. The total weight of the building is approximately 479.3 
tons. Wooden beams lap on top of the masonry walls, thereby transferring the upper loads.

3  Determination of the material properties of TATBs

The mechanical properties of the material need to be determined through testing. Accord-
ing to the requirements of Chinese building material testing standards, the material 
mechanical properties of stone and yellow mud were tested. The stone and yellow mud 
used in the experiment were obtained from established TATBs.

3.1  Stone material

The stone used in TATBs is bluestone. The stone was drilled by a rhinestone for mechanical 
property testing (Fig. 5) (GB/T2542-2012, 2012). The stone specimen is shown in Fig. 6. 
Six specimens of stone were tested to determine their mechanical characteristics. The test 
was carried out under displacement-controlled loading. The mechanical characteristics of 

Fig. 3  Typical TATB

Fig. 4  Construction of the three-
leaf wall of a TATB
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the stone are listed in Table 1 according to the relevant standard, with COV values given 
in parentheses. The stones selected for this study are similar to those found in the stone 
masonry structures of the region. The failure mode of the stone specimen was brittle fail-
ure (Fig. 7). The load displacement curve shows that the elastic stage was jagged (Fig. 8), 
which was caused by uneven density distribution and voids inside the stone.

3.2  Mortar

Mud is usually sifted before use in the standard construction procedure of mud mor-
tar. However, workers usually omit this procedure to improve efficiency (Liang et  al. 
2023a, 2023b). Yellow soil is used as the main material in mud. Gradation analysis (GB 
5009–2011 2011) (Figs.  9, 10) and mortar compressive strength tests (JGJ/T98-2010, 
2010) were performed.

Fig. 5  Specimen design

Fig. 6  Specimens of stone

Table 1  Properties of the clay bricks

Type unit Dimension/(mm) (D × H) Density/(kg/m3) Compressive strength/(MPa)

Stone block 43 × 150 2712.13 (0.007) 67.92 (0.077)
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The soil grains in the yellow mud are mainly composed of sand. The sand grains are 
mainly medium sand grains and fine sand grains, which are mixed with some very fine 
sand grains, silt grains and breccia grains. The uniformity coefficient is Cu =

d60

d10
> 5 

(d60 is the defined particle size and d10 is the effective particle size). The yellow mud 
has good gradation (Table 2). The curvature coefficient is Cc =

d230

d10⋅d60
 (d30 is the median 

Fig. 7  Crack distribution of the 
specimen

Fig. 8  Compressive strength test 
force and displacement curve of 
the stone

Fig. 9  Shaking sieve
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particle size). The lack of particles is mainly due to the presence of coarse sand parti-
cles in a range of 0.5–2 mm. Sand with large particle sizes has good permeability and is 
nonsticky. Yellow mud mortar mainly needs sand with relatively low permeability and 
is viscous when wet. According to the yellow mud gradation analysis test, the yellow 
mud basically met the test requirements.

The water content of the specimen was 23%. The specimens were cured for 30 days 
under outdoor conditions. The failure mode of the mud specimen was vertical layered 
peeling (Fig. 11). The density distribution inside the yellow mud was uniform, and the 
curve of the linear stage of the load displacement curve was relatively smooth (Fig. 12). 
The compressive strength of the cube of yellow mud mortar was 0.408  MPa. The 

Fig. 10  Yellow mud sieve allow-
ance

Table 2  Yellow mud gradation data

Sieve size/mm Sieve allowance/
kg

Sieve allowance 
ratio/%

Cumulative sieve allow-
ance ratio/%

Cumulative 
sifting ratio/%

4.75 0.12 12 12 88
2.36 0.16 16 28 72
1.18 0.10 10 38 62
0.60 0.12 12 50 50
0.30 0.21 21 71 29
0.15 0.21 21 92 8
< 0.09 0.08 8 100 0

Fig. 11  The crack distribution of 
mud mortar



5647Bulletin of Earthquake Engineering (2024) 22:5639–5672 

1 3

standard deviation was 0.013. The coefficient of variation was 0.044. The arithmetic 
average of 1.3 times the measured value was used as the average value of the compres-
sive strength of the specimen (JGJ/T70-2009, 2009).

4  The compressive strength test of masonry walls

4.1  Testing setup and procedures

According to GB/T50129–2011 (2011), the compressive strength of stone masonry walls 
was analyzed. The mechanical properties of the mortars and bricks are described in Sect. 2. 
The three-leaf walls (Fig.  13c, d) were 800 mm × 1200 mm × 400 mm in size (Fig.  13a, 
b). The high thickness ratio was β = 4.17. The thickness of each layer of mud was strictly 
controlled within 15 mm. Each stone was soaked in water for 30 s before construction of 
the wall. The specimens were cured in the laboratory for 28 days at room temperature and 
maintained at 20 °C.

The compression test of stone masonry walls was carried out on a YAW-10000 J com-
pression machine in the Structural Engineering Laboratory of Dalian Minzu University 
(Fig. 14). The compressive test of stone masonry was carried out according to the standard 

Fig. 12  The load‒displacement 
curve of mud mortar

Fig. 13  Specimen of Tibetan stone masonry



5648 Bulletin of Earthquake Engineering (2024) 22:5639–5672

1 3

“Basic Mechanical Properties Test Method for Masonry” (GB/T50129–2011 2011). Dis-
placement control was used to complete the loading process by step loading (loading con-
trol chart). Each step of the load was increased to 10% of the calculation failure load. In 
each step, the samples were evenly loaded within 1.0–1.5  min (Fig.  15). Each step was 
loaded evenly and continuously for a defined period of time, keeping the loading rate 
constant.

4.2  Discussion of the results of the compressive strength test

The damage to the TATB walls showed irregular longitudinal penetrating cracks on the lat-
eral sides (Fig. 16a) in the compression test. Multiple vertical cracks along the vertical mor-
tar joints appeared on the front side (Fig. 16b). A large number of stones dropped off from 
the bottom of the wall (Fig. 16c). According to the load‒displacement curve of the wall, the 
crushing process of the wall was divided into an elastic stage and a failure stage. Due to the 
uneven distribution of the mass and stiffness of the stone masonry wall, the load‒displace-
ment curve shows a sawtooth shape (Fig.  17). After the compressive strength of the stone 
masonry walls reached the elastic extreme, the wall maintained a period of ductility.

Fig. 14  Layout of test setup

Fig. 15  The axial pressure load 
displacement schedule
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According to the masonry design code (GB50003-2011, 2011), the masonry compres-
sive strength design standard value can be calculated by the strength of the block and mor-
tar (Eq. 1). The experimental and calculated values of compressive strength of Tibetan stone 
masonry are shown in Table 3.

where k1 is the comprehensive coefficient of compressive strength of masonry (k1 is 0.01 
from GB50003-2011); f2 is the compressive strength of mortar; f1 is the compressive 
strength of the unit; and α is the influence coefficient of mortar.

5  Quasistatic test of the TATB

5.1  Specimen design

According to GB/T2542-2012 (2012), the wall size of the specimen is similar to that of 
a practical TATB wall with a ratio of 1:2.24. The thickness of the mud joints should be 

(1)fm = f �
1

(
1 + 0.07f2

)
k1

Fig. 16  Typical damage distribution

Fig. 17  Force‒displacement 
relationships of the shear strength
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reduced by reducing the geometric size ratio of the wall. However, if the thickness of the 
yellow mud mortar is reduced, it is bound to cause wall instability. The irregular alignment 
of the stone block makes it difficult to reduce the thickness of the mud in equal proportions. 
Therefore, the actual thickness of the yellow mud is 15 mm. Due to the irregularities of the 
stone masonry walls, a decrease in the size of the stone will affect the mechanical proper-
ties of the wall and change the contact relationship between the stone and the mud. There-
fore, the specimen has the same sized stones as the actual wall.

The specimen was subjected to a cyclic shear loading test under axial compressive stress 
(σ0 = 0.12 MPa). The value of σ0 corresponds to the estimated vertical compressive stress 
of the wall, which considers the live load and weight of the structure. The structural dimen-
sions and axial loads are shown in Table 4.

5.2  Testing apparatus specimen design

The specimens were cured for 6  months under natural ventilation. Then, the wall was 
moved to the test equation (Fig. 18). To better observe the cracks in the specimen, the side 
of the specimen was painted with burnt lime. The concrete beam under the wall was fixed 
to the solid ground by anchor bolts. The axial load was applied by a jack with a maximum 
load capacity of 2000 kN, which was transmitted to the wall by a steel beam. There were 
5 rolling bars at the bottom of the steel beam that could be moved with the wall to avoid 
possible eccentricity caused by axial loads. The cyclic load was applied by a 1000 kN jack 
fixed to the reaction wall and transmitted to the wall by a steel beam.

Five displacement gauges, denoted Ui (i = 1, 2…9), were set up, as shown in Fig. 19, to 
measure the lateral displacement of the stone masonry wall and the displacement change of 
the concrete base. U1 measured the lateral displacement at the top of the wall. U2 meas-
ured the lateral displacement in the middle of the wall. U3 and U4 measured the displace-
ment change in the concrete base to avoid the effect of the displacement change in the 
concrete based on the results of the experiment.

5.3  Loading system and test procedure

The axial load was applied to the top surface center of the beam by a vertical actu-
ator, which remained constant during loading (JGJ/T 101-2015, 2015). The wall was 
preloaded laterally before the test. The preload value was 30% of the expected cracking 
load of the wall (Fig.  20a). The expected cracking load was calculated by Eq.  2 (GB 

Table 4  Design details of the wall specimen

No. Prototype wall cross-
section

Prototype wall specimen 
size

test wall specimen size Axial load (kN)

First floor 4200 × 2800 × 500 (600) 1850 × 1250 × 220 (270) 55.27 kN
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50003–2011 2011). Combining the masonry block and mortar compressive strengths 
and the compressive strength of the wall, the value of the expected anticipated cracking 
load was calculated as 21.6 kN.

where Am is the horizontal section area of the masonry wall, fV0 is the average shear 
strength of the masonry structure, σy is the vertical compressive stress of the masonry 
structure, μ is the friction coefficient of the masonry, and α is the shear-friction parameter.

The shear cyclic load was applied in increments of 5 kN at each stage (Fig. 20b) after 
ensuring proper operation of the sensor. Because the stone was soft and prone to brit-
tle failure, the loading rate was kept stable at 0.025 kN/s. Three cycles were repeated at 
each step with the same loading to observe the degradation in the stiffness and strength. 
The loading mode with displacement as the control value was adopted before the wall 
yielded. The transverse cyclic force was increased by 16 kN per step after wall cracking. 

(2)V =
(
fV0 + ���0

)
Am

Fig. 18  Schematic view of the equipment

Fig. 19  Layout of the displace-
ment gauges
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Two cycles were repeated at each step with the same loading. The test ended when the 
lateral load dropped to 85% of the lateral peak load.

5.4  Discussion of the results of the Quasistatic test

The specimen was in the elastic phase of the wall during the preloading and the first and 
second loading phases. The first crack appeared in the lower right of the wall when the wall 
was loaded to 10 kN. Cracks gradually appeared on the wall, leading to the failure of the 
upper horizontal constraint with increasing horizontal load.

The plaster on the wall gradually fell off. Three millimeter-long cracks appeared on the 
wall. The cracks extended 45° to both sides of the wall. The mud joints of the wall gradu-
ally loosened (Fig.  21b). The wall entered the yield stage and gradually lost its bearing 
capacity. A large number of oblique cracks (Fig. 21a) and vertical cracks appeared on the 
wall when the load reached 22 kN. The wall plaster fell off in large quantities. A transverse 
crack appeared when the load reached 26 kN, which was formed under a horizontal shear 
load, and a small number of the vertical cracks were compression cracks. The widest crack 
was located in the middle of the wall with a width of 5 mm.

The hysteresis curve (Fig. 22) was spindle-shaped. The hysteresis curve area increased 
with the load level, and the hysteresis curve maintained a certain fullness, indicating an 

Fig. 20  Lateral cyclic loading schedule

Fig. 21  Typical damage observations
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increase in the energy dissipation of the specimen. The number of cracks increased. The 
cracks gradually widened and expanded. Due to the sliding of the mud joints, X-shaped 
cracks appeared in the specimens with further increases in the transverse load. The hyster-
etic deformation gradually changed from a spindle shape to a bow shape.

According to the slope trend of the skeleton curve (Fig. 23), the damage to the specimen 
can be divided into three stages: the elastic stage, the hardening stage, and the destruc-
tion stage. The loads and displacements of these three stages were 11.2 kN and 0.48 mm, 
26.5 kN and 3.23 mm and 23.2 kN and 4.48 mm, respectively. The specimen stiffness con-
tinued to decrease with increasing displacement (Fig. 24). In the elastic phase, the rate of 
degradation of the wall stiffness was significant. After entering the plastic phase, the decay 
rate of the specimen stiffness also decreased gradually. When the specimen was subjected 
to the ultimate load, the specimen stiffness reached the minimum value, 5.52 kN/mm, in 
the steady state. The ultimate bearing capacity and initial stiffness of the specimen were 
26.5 and 32.3 kN/mm, respectively, which were lower than the limits of the local earth-
quake code (GB 50011–2010, 2010).

Fig. 22  Hysteresis loop for wall 
specimen

Fig. 23  Skeleton curve
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6  Shaking table tests of the TATB

6.1  Model setup and instrumentation

A 1/5 scale model of a TATB was built (Candeias et al. 2017). The size of the model is shown 
in Fig. 26. The wall was made of mud and stone, and the thickness of the joint was 5 mm. 
The heights of the windows and doors were 300 mm and 2600 mm, respectively. The floor 
and roof were made of wood (e.g., the wooden beam section was 40 mm × 50 mm, and the 
thickness of the wooden floor was 6 mm). The roof panel was made of 30 mm thick mud. The 
model was laid on a reinforced concrete slab base. The size of the reinforced concrete slab 
base was 3000 mm × 2500 mm × 200 mm. The concrete slab base was made of C25 concrete. 
The construction process is shown in Fig. 25. The specimen maintenance process was carried 
out indoors for 3 months. Plastic film was used for the intact model to ensure that the humidity 
and temperature of the maintenance environment corresponded to the area where the structure 

Fig. 24  Stiffness degradation 
curve

Fig. 25  Brief description of the construction process
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was located. During curing, the model was covered with plastic film to slow the evaporation 
of water.

6.2  Similitude design

Due to the limitations of the shaker size and load carrying capacity, scale models are widely 
used. The reduced-scale model can accurately reflect the real mode dynamic characteristics 
and failure modes. The similarity concept is utilized. There are three widely used methods 
for similarity (Dimitris et al. 2018), which ignore gravity, artificial mass simulation, and true 
replication. The artificial mass model changes the density of the structural model by adding 
counterweights so that the structural model satisfies the similarity requirement (Li et al. 2020). 
The gravity-ignoring model ignores the condition that the input acceleration similarity ratio 
is equal to the gravity acceleration similarity ratio in the similarity relationship, which in turn 
allows the structural model to satisfy the similarity requirement (wang et al. 2010). Accord-
ing to the importance of the effect of gravity on the dynamic behavior of TATBs, the artificial 
mass simulation method was adopted. The weight of the concrete slab base was 3.750 t. The 
total weight of the architectural model and the concrete slab base was 7.546 t.

Due to the limited load-bearing capacity of the shaking table, a model lacking artificial 
quality was used in the test. When the mass similarity ratio of the model was 1/60, the arti-
ficial counterweight was 4.2 t. The counterweight of each layer was as follows: the first layer 
was 2.0  t, the second layer was 1.4  t, and the third layer was 0.8  t. The total gravity load 
applied was 11.75 t. Due to the lack of artificial quality models, the vertical stress similarity 
ratio caused by gravity was Sσ = 1/2.4. Considering that the model was mainly subjected to 
horizontal shear forces, the design shear stress similarity ratio Sτ = 1. The shear strain similar-
ity constant was equal to 1. The similarity ratios of the other parameters are shown in Table 5.

6.3  Input excitation and testing protocols

The size of the shaking table is 3.00 m × 3.00 m. The parameters of the shaking table are 
shown in Table 6. The displacement sensor has a range of 100 mm. The frequency range 
of the shaking table is 0–80  Hz. The maximum acceleration measurement range of the 

Fig. 26  Detailed layout of the sensors
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acceleration sensors is 3 g. The frequency range of the acceleration sensors is 0–500 Hz. 
The sensitivity of the acceleration sensors is 1‰. Twenty displacement sensors and accel-
eration sensors were installed on the structural model (Fig.  26a). These sensors were 
installed at locations where the highest response expected could be obtained. The layout of 
the sensors is shown in Fig. 26.

The El Centro earthquake wave was chosen as the input earthquake excitation in this 
study. The acceleration time history and displacement time history are shown in Fig. 27. 
The record was scaled in the time domain for the shaking table test. The peak displace-
ments were 8.34, 12.18 and 15.89 mm, respectively. The corresponding peak accelerations 
were 1.042, 1.598 and 2.881 m/s2, respectively.

6.4  Damage observed and analysis of the results

6.4.1  Observed damage

The oblique shear cracks appeared at the vertical and horizontal corners of the wall when 
the peak acceleration of ground motion was 1.042 m/s2. The cracks developed obliquely 
along the walls at the end of the beam top of the door and window. Some cracks extended 

Fig. 27  El centro wave

Table 5  Similitude scaling 
factors

Physical quantity Similitude 
scale factor

Physical quantity Similitude 
scale factor

Displacement Sl = 1/5 Stiffness Sk=1/5
Modulus SE = 1 Acceleration Sa = 2.4
Time St = 1/3.5 Damping Sc = 1/17
Mass Sm = 1/60 Poisson’s ratio Sγ=1

Table 6  Performance parameters of the ground shaking table

Table dimension/m Maximum displacement/mm Maximum payload/t Frequency range/Hz

3.00 m × 3.00 m  ± 80 50 0.1–50
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to the junction of the longitudinal and transverse walls. A horizontal crack appeared at the 
windows on the second floor when the peak acceleration of ground motion was 1.598 m/s2. 
The original crack extended upward across the entire wall. Oblique cracks along the cracks 
appeared at the corners of the wall with doors and windows in the B and C axes. When the 
peak acceleration of ground motion was 2.881 m/s2, the crack expansion caused the roof to 
separate from the wall. The wall was extensively damaged. The stones were delaminated 
and fell from the walls, which led to wall collapse at the conner. The cracking of the speci-
mens was mainly concentrated in the corners of the third floor and the window positions of 
the second floor (Fig. 28).

Due to the large, concentrated stress at the windows and doors of the specimen and the 
gradual decrease in the wall thickness of the specimen, the bearing capacity and stiffness 
changed suddenly at the four corners of the window on the second floor, leading to oblique 
cracks on the wall. These diagonal cracks first arose at the corners of the top floor, followed 
by the upper corners of the windows, and then extended toward the transverse walls. The 
sequence in which the diagonal cracks were generated is shown in Fig. 29. In addition, the 
weak tensile strength of the longitudinal and horizontal walls and the weak strength of the 
mud were also reasons for wall cracking. The damage state of the specimen was similar to 
the seismic damage state of the stone masonry structure in the introduction section.

6.4.2  Acceleration response of the TATB

For the irregular façade characteristics of the TATB, the structural response accelera-
tions of floors 2 and 3 under different seismic excitations are discussed. Based on the 

Fig. 28  Distribution of wall 
cracks between axis B–C

Fig. 29  Schematic diagram of 
the crack distribution
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acceleration time histories at each measurement point, the peak accelerations of the speci-
mens can be derived at peak displacement waves of 8.34, 12.18 and 15.89 mm. The peak 
accelerations at the second and third floors are shown in Table 7. The variation in the peak 
along the height direction is shown in Fig. 30. The corresponding acceleration amplifica-
tion factors are shown in Fig. 31. The acceleration of the superstructure increased as the 
peak surface displacement increased. Moreover, the peak acceleration of the same floor 
differed by approximately 10%, which was mainly caused by the torsional effect of struc-
tural asymmetry. Figures 30 and 31 show that along the height of the building, the floor 
acceleration increased gradually, especially in Case No. 3. The increase in acceleration was 
more pronounced on the third floor, which was due to the change in mass and stiffness of 
the building along the vertical direction.

6.4.3  Interlayer displacement of the TATB

The displacement response of the TATB increased with increasing acceleration of ground 
motion (Fig. 32). The displacement response of the third floor of the TATB was the largest 
(Table 8), indicating that the horizontal wall shaking in this part was more obvious. When 
the peak acceleration of the ground motion was 2.881 m/s2, the displacement of the wall at 
the third floor was too large, resulting in a large number of cracks. Moreover, the interlayer 
displacement response of the structure was the largest at that time. The peak displacement 
of the same floor differed by approximately 10%, indicating that the structure had asym-
metric torsion. According to the interlayer displacement (Fig.  32), the displacements of 
the second and third floors were significantly larger than that of the first floor, which indi-
cates that the mass and stiffness of the specimen suddenly changed in the vertical direction. 
There was a weak layer between the first floor and second floor. Moreover, only two low 
walls with low plane stiffness in the direction of earthquake action were easily damaged.

7  Assessment of the seismic resistance of the TATB 
by the transcendence intensity magnification calculation method

Based on the mechanical characteristics of the construction materials of the TATB, the 
compressive and shear strengths of masonry walls, and the experimental shaking table test 
data, this chapter predicts the failure state of structures under different seismic action inten-
sities. The seismic resistance of the TATB was evaluated from the perspective of the excess 
strength ratio. The calculation methods of seismic shear conversion acceleration and yield 
acceleration are suitable for multilayer masonry structures. According to the research ideas 
in Chinese specifications (JGJ161-2008, 2008) and references (Yin and Yang 2004; Liu 
and Sun 2014), a calculation method for the transcendence intensity ratio that is more suit-
able for masonry is proposed. The ratio of seismic shear to resistance is taken from the 
excess strength rate of single-layer masonry structure, which is the ratio of seismic shear 
converted acceleration to yield acceleration.

7.1  TATB transcendence intensity magnification calculation method

The seismic shear, acceleration and yield acceleration calculation methods are applica-
ble to multistone masonry structures. Based on the test data and related standards, a tran-
scendence intensity magnification calculation method applicable to multistory masonry 
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Fig. 30  Acceleration response of the TATB

Fig. 31  The variations in the acceleration amplification coefficient

Fig. 32  Displacement response of the TATB
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structures is proposed. The transcendence intensity magnification calculation method for 
multistory masonry structures is the ratio of seismic shear converted acceleration to yield 
acceleration.

7.1.1  Seismic shear translates to acceleration

According to the bottom shear method, the interlayer seismic shear force of masonry struc-
tures is calculated by Eq. (3) (JGJ161-2008, 2008).

where αmaxb is the maximum horizontal seismic influence coefficient under the action of 
an earthquake; Geq is the equivalent total gravity load of the structure; k is the ratio of the 
peak seismic acceleration to the gravitational acceleration; and β is the design value of the 
seismic acceleration amplification coefficient, which is 2.25 (Li et al. 2013).

Yin and Yang (2004) predicted the failure state of masonry structures under earthquakes 
by the ratio of floor seismic shear to floor shear resistance, which is the excess strength 
multiplier. The calculation method for exceeding the strength ratio is shown in Eq. (4).

where E exceeds the intensity magnification; Qs is the s-floor seismic shear strength; Vs is 
the s-floor shear resistance; w is the weight per square meter of floor (component weight 
and the live load); αsE is the s-floor seismic shear converted acceleration (g); αsy is the yield 
acceleration (g) of the s floor; V  is the average shear strength per unit area of floor s; Fs is 
the sum of the cross-sectional area of the longitudinal and horizontal brick walls of the S 
floor without deduction of the opening  (m2); As is the floor area of the s-floor  (m2); D is the 
floor gravity correction coefficient of the value; Rτ is the masonry standard compressive 
strength (N/mm2); Rk is the standard shear strength of masonry with nonseismic design (N/
mm2); n is the number of floors; s is the number of layers calculated; Ci is the correction 
coefficient of fortification standards, seismic measures and other factors; f2 is the average 
compressive strength of mortar (N/mm2); fvE,k is the standard value of the seismic shear 
strength of masonry considering the influence of positive stress; A is the sum of the cross-
sectional area of the longitudinal and transverse walls of the layer without deduction of the 
opening  (m2); and Ac is total cross-sectional area of floor structural columns  (m2).

The equivalent gravity load of the structure is equal to the product of the building 
area and the calculated weight per square meter of the floor, and the calculation method 
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for converting the seismic shear force of the masonry structure to the acceleration can 
be obtained from Eqs. (3) and (4); see Eq. 8.

7.1.2  Yield acceleration

According to JGJ161-2008 (JGJ161-2008, 2008), the ultimate bearing capacity of the 
wall is calculated via Eq. 10. The average shear strength in Eq. 10 has no shear reserve. 
The coefficient γbE is used for correction. The standard value of the shear strength is 
taken to calculate the excess strength ratio. γbE is equal to 1. Equation 10 is obtained 
from Eq. 9.

where Vbi is the ultimate seismic shear ultimate bearing capacity of the ith wall; Vi is the 
standard value of the seismic shear bearing capacity of the ith wall; γbE is the seismic 
adjustment coefficient of the ultimate bearing capacity; ζN is the wall shear strength posi-
tive stress influence coefficient; fv,M is the masonry seismic shear strength average; fvE,k is 
the standard value of the seismic shear strength of masonry considering the influence of 
positive stress; and Ai is the cross-sectional area of the ith wall.

Assuming that no matter where the earthquake occurred, there is 60% of the wall 
resistance to earthquakes. The seismic shear bearing capacity of the structure can be 
obtained from Eq. (10), as shown in Eq. (11):

where A is the total cross-sectional area of the wall  (m2) minus the doors and windows.
The yield acceleration can be obtained from Eq. 2 and Eq. 10, as shown in Eq. (12).

where As is the total area of the building structure and λ is the structure with wall content.
When calculating the yield acceleration, it is necessary to determine the wall inclu-

sion rate, the calculated seismic shear strength of the TATB under the influence of posi-
tive stress and the weight of the structure per unit area. The wall inclusion rate is the 
ratio of the total cross-sectional area of the wall to the building area after deducting the 
door and window areas. Considering the influence of positive stress, the standard value 
of the seismic shear strength of a masonry structure (fvE,k) is related to the positive stress 
of the masonry. w is related to the vertical load and the weight of the structure.

When calculating the seismic shear strength of a wall, the influence of positive stress 
needs to be considered. According to JGJ161-2008 (JGJ161-2008, 2008), the positive 
stress influence coefficient calculation method for stone block masonry is shown in 
Eq. (13).

(8)asE = k�
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where σ0 is the positive stress of the masonry (N/mm2) and fv is the design value of the 
shear strength of the masonry (N/mm2).

The positive stress at half of the wall for a multistory masonry structure is calculated by 
Eq. (14) (GB50003–2011 2011).

where h is the height of the wall.
The calculation method of the design value of the shear strength of stone masonry is 

shown in Eqs. 15 and 16:

where fv,k is the masonry seismic shear strength standard value and δf is the coefficient of 
variation (see Sect. 2).

Equation 14 and Eq. 15 are substituted into Eq. 13. The seismic shear strength of the 
masonry can be obtained from Eq. 16, giving Eqs. 17, 18, and 19.

When σ0/fv ≤ 5:

When σ0/fv > 5:

The wall content rate needs to satisfy 𝜆 <
2.18

144.7
√
f2−39.9

 when σ0/fv > 5. The compressive 
strength of the mortar is lower. A larger upper limit of the wall inclusion rate is required to 
meet σ0/fv > 5. For example, when the compressive strength of the mortar is 0.4 MPa, the 
wall content rate is 4.2%. The higher the compressive strength of the mortar is, the lower 
the required wall content. However, such a low wall content rate is obviously inconsistent 
with reality. Therefore, the seismic shear strength of the TATB can be calculated by Eq. 14.

Substituting the calculated weight per unit area of the structure and Eq. 17 into Eq. 11, 
the equation (Eq. 20) yield acceleration of the TATB is obtained.
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7.2  Assessment of the seismic resistance of TATBs

7.2.1  Earthquake establishment commutation acceleration

The converted seismic shear acceleration corresponding to different seismic accelerations 
(Table 9) can be obtained from Eq. 8.

Compared with the experimental results, the calculated converted seismic shear acceler-
ation is significantly greater than the reaction acceleration of the structure from the shaking 
table test. Therefore, it is necessary to correct the design of the seismic acceleration ampli-
fication coefficient. When the design value of the seismic acceleration amplification factor 
is 0.74, the converted seismic shear acceleration is similar to the test results (Table 10).

7.2.2  Results of yield acceleration

Equation (20) shows that the yield acceleration of the structure is affected by the mortar 
strength, wall content rate and correction coefficient. The correction coefficient Ci includes 
structural measures, fortification standards and other factors, and its determination requires 
a large number of seismic damage investigations and calculation case analyses; moreo-
ver, its influence is not considered when calculating the yield acceleration here. The yield 
acceleration calculation results of the buildings without considering the correction factor 
are shown in Table 11. The mortar compressive strength and stone compressive strength 
were derived from the material tests in Sect. 3.

7.2.3  Results of the structural overstrength multiplier

According to Table 9 and Table 10, the structural overstrength multiplier under different 
seismic intensities can be obtained from Eq. (2), as shown in Table 12.

Table 9  Converted seismic shear acceleration

Peak ground shaking 0.1042 g 0.1598 g 0.2881 g

The converted seismic shear acceleration 0.2345 g 0.3596 g 0.6482 g

Table 10  Converted seismic shear acceleration

Peak ground shaking 0.1042 g 0.1598 g 0.2881 g

Ground shaking response acceleration 0.1913 g 0.2282 g 0.4750 g
The converted seismic shear acceleration 0.1737 g 0.2664 g 0.4802 g

Table 11  Yield acceleration

Compression of the mortar/MPa Compression of the stone/MPa Yield acceleration/g

0.408 67.92 0.32
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7.2.4  Assessment of structural damage

The relationship between the seismic damage level of the TATB and the E value of 
the intensity exceeding ratio is shown in Table  13 (GB/T 18208.3-2000, 2000; Yao 
et al. 2022). Based on Tables 11 and 12, the failure states of the structure under seismic 
action of different intensities were obtained, as shown in Table 14.

Table  14 shows that the TATB is basically intact and slightly damaged when the 
ground motion peak acceleration is 1.021 m/s2. The TATB is moderately damaged when 
the ground motion peak acceleration is equal to 1.566 m/s2. When the peak acceleration 
of ground motion is 2.824 m/s2, the TATB is seriously damaged or destroyed. The shak-
ing table test results are used as a reference, and the results are compared with the cal-
culation results. The scale model is constructed according to a certain scale on the basis 
of the size of the original structure. However, the scale model can reflect the reaction of 
the original structure under seismic action. However, it inevitably has a certain differ-
ence from the original structure reaction. The acceleration similarity coefficient in the 
test similarity relationship is 1.0. The acceleration response of the architectural model 
is the acceleration response of the TATB. The failure state of the TATB model under 
different intensities of seismic action is equal to the failure state of the actual structure.

The calculation results of the seismic failure state of the TATB are the same as the 
test results when the peak acceleration of ground motion is 1.042 m/s2. When the peak 
acceleration of ground motion is 1.598  m/s2 and 2.881  m/s2, the calculated structural 
failure state is more severe than the test results. The test model is the scaled model.

There are some errors in deriving the seismic performance of the prototype structure 
from the experimental results of the 1/5-scale model. Comparing the seismic perfor-
mance of a TATB in a shaking table test and the damage state of a TATB under an 
earthquake, the damage state of the actual structural situation is greater than that of 

Table 12  Structural overstrength 
multiplier

Compression of the mortar/MPa Ground Shaking Response Accel-
eration

0.1042 g 0.1598 g 0.2881 g

0.408 0.73 1.12 2.03

Table 13  Correspondence between the value of the beyond strength multiplier E and the damage state of 
the structure

Damage state Basically intact Slightly damaged Moderately damaged Seriously damaged Destroyed

TATB E ≤ 1 1.0 < E ≤ 1.3 1.3 < E ≤ 1.7 1.7 < E ≤ 2.0 2.0 < E

Table 14  Expected damage states of TATBs

Compression of the mortar/MPa Ground shaking response acceleration

0.1042 g 0.1598 g 0.2881 g

0.408 Slightly damaged Moderately damaged Seriously damaged



5668 Bulletin of Earthquake Engineering (2024) 22:5639–5672

1 3

the test model under ground shaking. Therefore, this paper believes that the calculation 
results are close to the actual situation.

8  Conclusion

The parameters for calculating the seismic performance of TATBs are obtained via 
mechanical property tests of the construction materials and compressive strength and shear 
strength tests of the walls. According to the transcendence intensity magnification calcu-
lation method, the calculation method of the transcendence intensity rate applicable to 
TATBs is derived with reference to the code of China. The seismic resistance of TATBs is 
evaluated by this method and compared with the test results.

The damage to the TATB wall in the compression test showed irregular penetrating 
cracks in the longitudinal sides of the wall. A large area of stone fell off at the bottom of 
the side of the wall. The uneven distribution of the mass and stiffness of the stone masonry 
wall resulted in a jagged load‒displacement curve. The wall maintained a period of ductil-
ity after the compressive strength of the TATB wall reached the elastic extreme. The TATB 
walls were sheared with diagonal penetrating cracks in the quasistatic test, accompanied by 
a large number of vertical and transverse cracks. As the displacement increased, the rate of 
degradation of the stiffness of the wall gradually decreased. The specimen stiffness reached 
a minimum value when the specimen was subjected to ultimate loads.

The flat elevation geometric irregularity of the TATB was particularly evident on the 
2nd and 3rd floors. A change in the stiffness and bearing capacity resulted in a “V” shear 
slant crack. The irregularity of the plane and façade led to asymmetric torsion of the TATB. 
The asymmetric torsion resulted in a difference of approximately 10% between the peak 
acceleration and the peak displacement on the same floor. The presence of the torsional 
effect seriously affected the seismic performance of the structure.

When the peak acceleration of ground motion was 1.021 m/s2, 1.566 m/s2 and 2.824 m/
s2, the TATB had slight damage, moderate damage, and severe damage, respectively. By 
correcting the seismic acceleration amplification coefficient, the failure state of the TATB 
in the shaking table test was found to be consistent with the damage state calculated to 
exceed the intensity assessment. The seismic vulnerability of the TATB could be evaluated 
by transcendence magnification calculation formulas.

This study provides technical data for the seismic performance of TATBs, which has 
positive significance for the protection of TATBs. However, the structural overstrength 
multiplier uncorrected with the seismic acceleration amplification factor is greater than the 
values calculated from the test data. It is possible that the scaled model tends to underes-
timate the damage to the TATB. Therefore, further experimental or numerical analysis of 
TATBs is necessary to avoid errors.
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